Debris flow volumes can increase due to the incorporation of sediment into the flow as a 13 consequence of channel-bed erosion along the flow path. This study describes a sensitivity analysis 14 of the recently-introduced RAMMS debris flow entrainment model which is intended to help solve 15 problems related to predicting the runout of debris flows. The entrainment algorithm predicts the 16 depth and rate of erosion as a function of basal shear stress based on an analysis of erosion 17 measurements at the Illgraben catchment, Switzerland (Frank et al., 2015). Starting with a 18 landslide-type initiation in the RAMMS model, the volume of entrained sediment was calculated 19 for recent well-documented debris-flow events at the Bondasca and the Meretschibach catchments, 20
Introduction
Sediment erosion caused by debris flows causes flow bulking (in our case an increase in flow mass, 36 e.g. Iverson 1997) which strongly influences the runout behavior of debris flows. The term erosion 37 can be defined as the process of removing sediment from the channel bed while sediment 38 entrainment describes the procedure of incorporating the eroded sediment into the debris flow. The / 10 min) while the event 29 July 2014 initiated after a few hours of steady rainfall with moderate 136 intensity (up to 1.5 mm / 10 min). The pictures from camera 4 (see Fig. 1 for the location) clearly 137 showed that the initiation of the event on July 28 took place between 19:45 and 20:15 (UTC +2), 138 corresponding with the hydrograph measured at the observation station. 139 To obtain additional information about the initial volume and the spatial distribution of erosion, the Bochtür was between 800 and 1,200 m 3 . Due to additional erosion downslope of the Bochtür 145 subcatchment, the total volume of the debris-flow events was between 8,000 and 10,000 m 3 . 146 2.2. Bondasca catchment, Switzerland 147 The Bondasca catchment in south-eastern Switzerland is a tributary to the Bergell valley (Figure 2) . 148 The catchment area covers about 20.9 km 2 . The geology is dominated by the Tertiary intrusion of where the channel leaves the rock avalanche deposits at the lower end of the deposit. 154 The sudden sediment input from the rock avalanche was followed by several debris flows in the 155 summer of 2012 (5 and 14 July, 25 August, 24 September) whereof the two events in July 156 evacuated about 90'000 m 3 of sediments from the rock avalanche deposit. The debris flows 157 originated mainly just below a planar rock face. Some of the debris flow surges are thought to have 158 been triggered due to water accumulation at the toe of the wall causing firehose-type debris flow 159 initiation ( Figure 3B and 5B) e.g. as described by Godt and Coe (2007) . The slope of the channel 160 on the rock avalanche deposit varies between approx. 32° (≈ 71 %) below the flat-shaped rock face 161 and regularly decreases to 15° (≈ 33 %) at the lower end of the rock avalanche deposit. 162 3. Debris-flow entrainment modeling 163 The goal of this study is to evaluate the entrainment algorithm implemented in the RAMMS debris 164 flow model (version 1.6.25) which has been previously described by Frank et al. (2015) . In 165 particular, the sensitivity of the predicted erosion to the input parameters will be investigated, and 166 the data sets described above provide a new basis for evaluating the model. The previous study 167 (Frank et al., 2015) focused on demonstrating that more realistic runout results can be achieved 168 when including sediment entrainment and bulking into the runout model. However that study also 169 left many unanswered questions regarding the sensitivity of the model to input parameters, 170 especially the initial landslide volume, which was not possible to assess in the previous study.
171
Herein we focus on describing the sensitivity of the model to the initial landslide volume, using the 172 two well-documented events described previously.
173
Although the RAMMS debris model and the entrainment algorithm have been published elsewhere, 174 they will be briefly . The underlying numerical formulas of shallow water equation and the (1) 184 where ̇ (x, y, t) describes the mass production source term and U and U represent the depth- 
where the earth pressure coefficient k / is normally set to 1 when running the standard Voellmy- function of channel-bed shear stress and the vertical erosion rate of channel-bed sediment erosion.
208
In detail, the model is based on the analysis of differential elevation models from pre-and post- :
The average rate of erosion recorded at the erosion sensor site during the Illgraben debris-flow When the critical shear stress τ c is exceeded, sediment can be entrained from the channel.
231
Entrainment stops when the actual erosion depth reaches the maximum potential erosion depth 232 (Eq. 6). Normally, the specific erosion rate is implemented using the default value = 233 −0.025 ms −1 (Eq. 7) as presented in Frank et al. (2015) . However, the model also allows to 234 8 account for larger or smaller entrainment scenarios by either doubling the rate or cutting it in half.
235
In this study, we will use these variable erosion rates for testing the sensitivity of the model. spacing ratio of more than 5 to 10 would probably produce more accurate results, such data are 249 generally unavailable and the increase in the time for a simulation would be impractical. The main problem with the block release is that the initial flow depth, width, or length of the initial 265 landslide can be unrealistically large in comparison to field observations. Users have to resort using 266 unrealistically large initial landslide volumes because most models do not allow for entrainment 267 along the channel path. The total debris flow volume, typically measured in the deposition zone, is In the Bondasca catchment, the differential elevation model includes both the rock avalanche 331 deposit (27 December 2011) and the erosion due to one debris-flow event (5 July 5, 2012) ( Fig. 5 ).
332
The upper end of channel erosion is located just below a planar outcrop of bedrock ( Fig. 4B ) 333 corresponding to the likely location debris flow initiation zone (Fig. 5C ). The surface runoff times larger than the ones resulting from the default erosion rate at the same initial release volume.
372
In contrast, implementing only half the default maximum erosion rate ( = −0.0125 ms −1 ) for 373 low entrainment scenarios decreases the sensitivity to initial volume in an analogous manner. The volume growth (VG) is the ratio between the final debris flow volume V final (consisting of the 390 initial volume V ini and the erosion volume V ero ) to the initial volume V ini . We analysed the 391 development of the volume growth (VG) to assess the sensitivity to various model parameters such 392 as critical shear stress τ c (Fig. 8 ) as well as erosion rate and initial volumes V ini (Fig. 9 ).
393

Discussion
394
The total erosion volumes observed in the sensitivity tests (Fig. 7) indicate a strong sensitivity to 
423
For some field studies, applying this two-stage calibration method (inactive vs. active entrainment 424 model) will benefit model users who previously conducted RAMMS runout modeling studies 425 without entrainment. They can enhance their exisiting calibration procedure of parameter ξ and μ 426 by mainly refining on parameter μ to reflect a documented, relative erosion pattern when activating 427 the entrainment model. In that sense, this method might be primarily limited by the potential lack 428 of field data (flow heights, discharge, erosion patterns) which were available in this study.
429
However, more case studies are needed before we are able to draw any general conclusions 430 regarding potential benefits and limits of this enhanced methodology for the RAMMS entrainment 431 model application.
432
In general, morphological effects influence the erosional behavior of the field data based available to help constrain the events described herein.
462
For the sensitivity assessment of volume growth (VG) to the critical shear stress τ c , we selected the 463 Meretschibach catchment because it has a simple single-channel morphology and therefore serves 464 as a clear case for illustration ( Fig. 8 ). Because the erosive channel reach addressed in our study 465 shows steep slopes reaching 50 to 65 %, the resulting shear stresses are very high -even for very 466 low flow heights and small initial volumes (1-10 m 3 ). This leads to a high model susceptibility to 467 erosion (volumes) and volume growth when τ c = 0 kPa which results in scenarios of a few cubic 468 meters of initial volumes eroding some 1,000 to more than 10,000 cubic meters (Fig. 8) . However 469 the initial landslides observed at the Meretschibach were larger in volume, suggesting that a critical 470 shear stress is appropriate. Small debris flows do not necessarily erode the channel bed, which has The results show that when exceeding τ c = 0.5 kPa, the volume growth remains steady within a 476 value range of 20 to 60 for middle to larger initial volumes (≥ 10-50 m 3 ). Smaller initial volumes (≤ 477 15 5-10 m 3 ) show much more variation, i.e. are more sensitive to the critical shear stress. We conclude 478 that a value of τ c =1 kPa produces plausible results and we use that value for the other sensitivity 479 tests in this study. However it may be possible to constrain this value at other field sites if small 480 non-erosive debris flows can be identified and used to better constrain τ c . The critical shear stress 481 of τ c = 1 kPa used herein will be applied for further sensitivity analysis.
482
The sensitivity to initial landslide volume is apparent at the Meretschibach. Using the default 483 erosion rate and an initial volume of 3 m 3 , a volume growth of ≈ 200 is reached. A maximum of 484 VG = 300 is observed for an initial release volume of 4 m 3 . It then drops to a VG ≈ 30 for an initial 485 volume of 100 m 3 . The model simulations using the doubled default erosion rate show a volume 486 growth peak VG p ≈ 1,800 for an initial release volume of 2 m 3 ; half the default erosion rate shifts 487 this peak to 50 m 3 for the initial volume but the corresponding volume growth peak drops 488 significantly down to VG p ≈ 14.
489
The behavior of the volume growth for the default erosion rate at the Bondasca catchment is channel reach for the model testing is located in the middle part of "Bochtür" (black-white 732 retangle), swissimage©2014, swisstopo (5704 000 000) (2014). 
